Malaria starts with infection of the host liver by Plasmodium sporozoites. Inoculation with radiation-attenuated Plasmodium sporozoites induces complete protection against malaria. Protection is mediated by dendritic cells (DCs) and CD8 + T cells, but the source of parasite antigens mediating this response remains unclear. Here, we show that hepatocytes infected with irradiated Plasmodium sporozoites undergo apoptosis shortly after infection. Infection with irradiated sporozoites induces the recruitment of DCs to the liver, where they phagocytose apoptotic infected hepatocytes containing parasite antigens. We propose that apoptotic Plasmodiuminfected hepatocytes provide a source of parasite antigens for the initiation of the protective immune response.
Malaria starts with infection of the host liver by Plasmodium sporozoites. Inoculation with radiation-attenuated Plasmodium sporozoites induces complete protection against malaria. Protection is mediated by dendritic cells (DCs) and CD8 + T cells, but the source of parasite antigens mediating this response remains unclear. Here, we show that hepatocytes infected with irradiated Plasmodium sporozoites undergo apoptosis shortly after infection. Infection with irradiated sporozoites induces the recruitment of DCs to the liver, where they phagocytose apoptotic infected hepatocytes containing parasite antigens. We propose that apoptotic Plasmodiuminfected hepatocytes provide a source of parasite antigens for the initiation of the protective immune response.
Complete protection against malaria in humans and mice can be obtained by inoculation with irradiated Plasmodium sporozoites that induce specific CD8 + T cells [1] . Irradiated sporozoites infect hepatocytes in vivo, as normal sporozoites do; however, irradiated sporozoites do not progress further to blood-stage infections and, therefore, do not induce malaria-associated pathology [2] . During sporozoite infection, no "professional" antigen-presenting cells (i.e., cells that may stimulate not only memory T cells but also naive T cells) are infected by Plasmodium sporozoites, since they replicate only in hepatocytes. Nevertheless, specific CD8 + T cells reactive to Plasmodium antigens are found in irradiated sporozoite-immunized hosts [3, 4] , suggesting that parasite antigens are transferred to professional antigen-presenting cells [5] . Dendritic cells (DCs) are able to present exogenous antigens associated with major histocompatibility complex (MHC) class I molecules and activate CD8 + T cells, a process called "crosspresentation" [6] . Interestingly, DCs are required for induction of specific antimalaria CD8 + T cells after vaccination with irradiated sporozoites [7] . Intrahepatocytic development of irradiated sporozoites appears to be required for induction of protection, since infected hepatocytes and their extracts have been shown to induce significant protection [8] , whereas inactivated sporozoites and their extracts have consistently failed to achieve the same goal [9, 10] . That hepatocyte infection is required for induction of a cytotoxic response in the host suggests that the source of Plasmodium antigens for the initiation of an immune response is not individual sporozoites but infected cells [11] .
During pathogenic infections, apoptosis of infected cells results in the formation of apoptotic bodies loaded with pathogen antigens. Cross-presentation of antigens in apoptotic bodies phagocytosed by DCs has been proposed as a mechanism of antigen presentation in cytotoxic immune responses against intracellular pathogens [12, 13] . It has also been proposed that apoptosis of host cells contributes to immunity induced by irradiated-parasite vaccines [14] . Here, we show that apoptotic infected hepatocytes are phagocytosed by DCs in the liver of the host, providing a source of Plasmodium antigens for the initiation of antimalaria immune responses.
MATERIALS AND METHODS
Host cells, parasites, and mice. Hepa 1-6 (ATCC CRL-1830), a hepatoma cell line derived from a C57L/J mouse that is efficiently infected by rodent malaria parasites, was used for in vitro hepatocyte cultures. Plasmodium yoelii (cell line 17X NL) and Plasmodium berghei (parasite line NK65) sporozoites were isolated from salivary glands of infected Anopheles stephensi mosquitoes. Sporozoites were irradiated with a g source (20 krad) . BALB/c mice were purchased from Taconic.
In vitro infections. One day before infection, Hepa 5 2 ϫ 10 1-6 cells/mL were plated in 24-well plates (Costar) over glass coverslips in Dulbecco's MEM (Sigma) supplemented with 10% heat-inactivated fetal bovine serum, 100 U/mL penicillin, 0.1 mg/mL streptomycin, and 2 mmol/L l-glutamine at 37ЊC with 5% CO 2 . A total of sporozoites were added to Hepa 1-5 1 ϫ 10 6 cell coverslips on plates, centrifuged for 5 min at 1800 g, and incubated for different durations. Cells were washed twice with PBS and fixed in 4% paraformaldehyde.
In vivo infection, isolation, and staining of liver mononuclear cells. Two mice per group were infected with P. yoelii g-irradiated, nonirradiated, or heat-killed (15 min; 56ЊC) sporozoites by intravenous (iv) injection (1 ϫ 10 6 sporozoites/mouse). Six hours after injection, livers were removed and mechanically homogenized. The cell suspension was washed and resuspended in a 35% Percoll (Pharmacia Biotech) gradient solution and centrifuged at 500 g for 10 min. The mononuclear-cell pellet obtained was resuspended in 1 mL of erythrocyte lysis buffer for 1 min and washed. Isolated cells were counted and placed for 1 h on poly-l-lysine coverslips (∼ cells/liver were ob-6 1.5 ϫ 10 tained). After fixation, cells were incubated with phycoerythrin (PE)-anti-CD11c and fluorescein isiothiocyanate (FITC)-antiMac3 (Pharmigen) for staining of DCs and macrophages, respectively. Parasites were stained with anti-Hsp70 monoclonal antibody (2E6). Cells were also stained with anti-albumin (Cappel/ICN Irvine) and anti-activated caspase-3 (Promega).
Detection of apoptosis. Apoptotic cells were detected and quantified by staining with anti-NF-kB p65 (relA) (Santa Cruz Biotechnology), for examination of the translocation of NF-kB from the cytoplasm to the nucleus of the cell, or with antiactivated caspase-3 (Promega). All cells were also incubated with 4 6 -diamidino-2-phenylindole (DAPI) for nuclear staining, to allow morphological detection of apoptosis.
DC recruitment to the liver. Groups consisting of 3 mice were infected by mosquito bite (each anesthetized mouse was in contact with 50 P. yoelii-infected mosquitoes for 20 min) or by iv injection with P. yoelii sporozoites (g-irradiated 1 ϫ 10 or nonirradiated) or with salivary glands of uninfected mosquitoes as a control. At different times after infection, livers were removed and frozen, and 15 histological sections from each mouse were examined with PE-anti-CD11c (Pharmigen) for detection and quantification of DCs.
RESULTS
During in vitro infection of hepatocytes by Plasmodium sporozoites, a decrease in the number of developing parasites is observed 2-3 days after infection. This decrease is more pronounced for irradiated sporozoites than for nonirradiated ones [2, 15] . To study the survival of hepatocytes infected with irradiated Plasmodium sporozoites at earlier times after infection, we stained Plasmodium-infected hepatocyte cultures with an anti-Hsp70 antibody, a molecule that is highly expressed in developing parasites inside hepatocytes but not in sporozoites [16] . We found that the number of Hepa 1-6 hepatoma cells infected with P. yoelii and P. berghei (data not shown) irradiated sporozoites was lower than the number infected with nonirradiated sporozoites and that the number of infected cells had already decreased shortly after infection ( figure 1A) .
The decrease in the number of infected hepatocytes has been attributed to degeneration of intracellular parasites [2] . We wanted to determine whether the reduction in the number of infected hepatocytes is due to hepatocyte apoptotic death triggered by degenerated parasites. Apoptosis in infected hepatocyte cultures was first monitored by assessment of nuclear morphology and activation of NF-kB p65 (relA), a transcription factor that is translocated to the nucleus early after initiation of certain apoptotic pathways [18] (figure 1B). We observed that hepatocytes infected with irradiated sporozoites undergo apoptosis 6 h after infection ( figure 1C ). Apoptosis in hepatocytes infected with irradiated sporozoites was also confirmed by detection of caspase-3 activation ( figure 1D ). Irradiation probably inhibits the synthesis of parasite factors that are necessary for the prevention of apoptosis of infected hepatocytes, resulting in an abortive infection and cell death. However, a lower but significant amount of apoptosis was also found in hepatocytes infected with normal sporozoites, suggesting that, in some cases, normal sporozoite infection cannot prevent the apoptosis of host cells.
In response to inflammatory signals, immature DCs are recruited from the blood into peripheral tissues, where they efficiently phagocytose foreign antigens. To determine whether liver infection by P. yoelii sporozoites induces the recruitment of DCs, livers of mice injected with irradiated or nonirradiated sporozoites were obtained at different times after injection. Histological sections showed a recruitment of DCs early after infection ( figure 2A ). When mice were subjected to bites from infected mosquitoes, a similar effect was observed ( figure 2B ). The recruitment of DCs induced by bites from infected mosquitoes is of a lower magnitude, probably because of the smaller numbers of sporozoites injected by mosquito bite [19] .
Increased numbers of DCs in the liver during malaria infection would allow rapid capture of parasite antigens. However, to activate DCs for antigen presentation, these cells need to receive a maturation signal, which can be provided by the [17] . Apoptosis was monitored by assessment of nuclear morphology (4 6 -diamidino-2-phenylindole [DAPI] staining, blue) and nuclear translocation of NF-kB p65 (red) [18] . C, Quantification of apoptotic infected cells by nuclear morphology (black bars) and NF-kB translocation (white bars). Error bars represent the SD of triplicate samples. Asterisks (*) indicate a significant difference between control and irradiated sporozoites ( ). D, Apoptosis was also detected by anti-activated caspase-3 staining P ! .05 (red) in infected cells containing intracellular parasites (green, marked by an arrowhead).
pathogen itself or by inflammatory lymphokines [20] . Before infection, Plasmodium sporozoites migrate through several hepatocytes in the liver, disrupting their plasma membranes and causing cell wounding and necrotic death [21, 22] . Wounded and dying cells induce local inflammatory responses that mediate the recruitment of DCs to tissues [23] . In fact, Plasmodium liver infection induces an inflammatory response and the recruitment of mononuclear cells [24] . Release of uric acid from dying cells would provide an additional maturation signal for DCs [25] .
Apoptotic cells are rapidly phagocytosed in the body by macrophages and DCs [26] . To determine whether apoptotic hepatocytes containing P. yoelii antigens are phagocytosed by antigen-presenting cells in the liver, we isolated nonparenchymal mononuclear cells from the livers of mice immunized with irradiated sporozoites, at different times after injection. We found that, 6 h after injection, macrophages and DCs in the liver carry vesicles that contain P. yoelii Hsp70 ( figure 2C-2E) . In 3 separate experiments, we found an average of 3 macrophages and 2 DCs in each liver containing Hsp70-positive vesicles. The number of DCs containing these vesicles is probably higher in the mouse, but DCs rapidly leave peripheral organs and migrate to the lymph nodes after receiving activation signals. The Hsp70-positive vesicles found inside macrophages and DCs must be derived from infected hepatocytes, since this protein is not expressed in sporozoites and appears only in infected hepatocytes ∼6 h after infection [16] . In addition, we found that P. yoelii Hsp70-containing vesicles also contain mouse albumin, a protein present in the cytosol of hepatocytes ( figure  2F-2I ), confirming that these vesicles are derived from infected hepatocytes. No P. yoelii Hsp70 or albumin staining was present in nonparenchymal liver mononuclear cells isolated from noninfected control mice. To confirm that these Hsp70-positive vesicles were derived from apoptotic cells, we stained cells with anti-activated caspase-3. We found that vesicles positive for Plasmodium Hsp70 were also positive for activated caspase-3 ( figure 2J-2M) , confirming that DCs phagocytose apoptotic infected hepatocytes during malaria infections in vivo.
When liver nonparenchymal mononuclear cells were analyzed 12 h after infection, no cells were found containing P. yoelii Hsp70, which suggests that infected hepatocyte death and clearance occurs early during in vivo infections with irradiated sporozoites. This is consistent with the observation that Plasmodium sporozoite infection and initiation of the immune response occurs rapidly, since activation of specific anti-P. yoelii CD8 + T cells is detected as soon as 8 h after inoculation of sporozoites [27] .
DISCUSSION
Protection against malaria can be achieved by immunization with irradiated sporozoites [28] . This discovery raised expectations for the development of a malaria vaccine; however, because of the lack of an in vitro system for the generation of large numbers of sporozoites, broad use of an irradiated sporozoite vaccine against malaria is not considered feasible. It is important to understand the mechanisms underlying protection induced by irradiated sporozoites, since this efficient protection has not yet been replicated by other forms of human antimalaria vaccines. CD8 + T cells and DCs mediate immunity induced by irradiated sporozoites [4, 7] , but the mechanisms involved in antigen presentation to T cells remain unclear, since the low number of Plasmodium-infected hepatocytes in the liver has prevented the development of direct antigen-presentation studies.
We found that both macrophages and DCs phagocytose infected hepatocyte apoptotic bodies but that, in Plasmodium liver infection, only DCs are required for activation of CD8 + T cells in vivo [7] . DC phagocytosis triggers cross-presentation of antigens within the phagosome and results in efficient CD8 + T cell activation [29, 30] . Apoptotic hepatocytes containing Plasmodium antigens provide an optimal source of antigens for DC cross-presentation, since they are of the appropriate size (1-10 mm) to be internalized by phagocytosis. This mechanism would also explain the requirement for liver infection to achieve protection against this stage of the parasite, as well as the activation of CD8 + T cells by an obligate intracellular parasite that can develop only inside hepatocytes, which are nonprofessional antigen-presenting cells. The inflammatory environment induced during sporozoite infection in the liver [24] will also favor this process, by inducing the recruitment of large numbers of DCs and providing maturation signals for these cells.
DCs can acquire virus-infected dead or dying cells as exogenous sources of antigens for presentation on MHC class I and II molecules to initiate T cell responses [12] . This pathway is thought to be critical for the development of effective antiviral immunity in vivo [13] . Recently, DC presentation of Mycobacterium tuberculosis antigens derived from apoptotic infected macrophages has been described as an alternative pathway of T cell activation [31] . Like Plasmodium sporozoites in hepatocytes, Mycobacterium is secluded in an intracellular compartment during infection, which suggests that presentation of antigens from apoptotic infected cells may represent a common mechanism of immune activation for vesicle-contained pathogens.
Experimental live vaccines based on irradiated parasites have been used as a model for protection in malaria [1] and schistosomiasis [32] . It is possible that irradiation of these parasites blocks their ability to neutralize the apoptotic machinery of host cells, allowing them to resume their natural tendency to undergo apoptosis upon being infected. Further work is required to demonstrate that phagocytosis of apoptotic infected host cells results in efficient presentation of parasite antigens to T cells.
